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GRPDLQ GHFRPSRVLWLRQ IRU LOOFRQGLWLRQHG SUREOHPV ZLWK KHWHURJHQHRXV PDWHULDO
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WKH%,/87p,d,t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PHFKDQLFVSUREOHPVDQGWKHFRGHSURYLGHVH[FHOOHQWVFDODELOLW\DQGUREXVWQHVVRQXSWR
 QRGHV  FRUHV RI WKH )XMLWVX 35,0(+3& ); 2DNOHDI); DW WKH
,QIRUPDWLRQ 7HFKQRORJ\ &HQWHU WKH 8QLYHUVLW\ RI 7RN\R *HQHUDOO\ +,' SURYLGHV
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,W LV ZLGHO\ NQRZQ WKDW WKH FRQYHUJHQFH RI SDUDOOHO
SUHFRQGLWLRQHG LWHUDWLYH VROYHUV LV VWURQJO\ DIIHFWHG E\ WKH
FKRLFHRIPHWKRGIRUGRPDLQGHFRPSRVLWLRQHVSHFLDOO\IRU
LOOFRQGLWLRQHG SUREOHPV >@ ,Q WKH SUHVHQW ZRUN WZR
W\SHV RI GRPDLQ GHFRPSRVLWLRQ PHWKRGV /%- /RFDOL]HG
%ORFN -DFREL >@ DQG +,' +LHUDUFKLFDO ,QWHUIDFH
'HFRPSRVLWLRQ >@ DUH DSSOLHG /DUJHVFDOH LOO
FRQGLWLRQHGPDWULFHVZLWKKHWHURJHQHRXVPDWHULDOSURSHUWLHV
GHULYHG IURP WKH +HWHUR' FRGH ZHUH VROYHG XVLQJ XS WR
 QRGHV  FRUHV RI WKH )XMLWVX 35,0(+3& );
Oakleaf-FX VXSHUFRPSXWHU DW WKH ,QIRUPDWLRQ
7HFKQRORJ\ &HQWHU 8QLYHUVLW\ RI 7RN\R >@ )LQDOO\ WKH
HIILFLHQF\DQGUREXVWQHVVRISUHFRQGLWLRQHGSDUDOOHOLWHUDWLYH
VROYHUV EDVHG RQ WKH GRPDLQ GHFRPSRVLWLRQ IRU LOO
FRQGLWLRQHGSUREOHPVDUHHYDOXDWHG
7KHUHVWRIWKLVSDSHULVRUJDQL]HGDVIROORZV,Q6HFWLRQ
 ZH RXWOLQH WKH WDUJHW DSSOLFDWLRQ DQG SUHFRQGLWLRQHG
LWHUDWLYH VROYHUV ,Q 6HFWLRQ  DQ RYHUYLHZ RI WKH WDUJHW
KDUGZDUHLVSURYLGHG,Q6HFWLRQVDQGWKHUHVXOWVRIWKH
FRPSXWDWLRQV DUH GHVFULEHG ZKLOH UHODWHG ZRUN DQG ILQDO
UHPDUNVDUHRIIHUHGLQ6HFWLRQVDQG
 7DUJHW$SSOLFDWLRQDQG/LQHDU6ROYHU
 +HWHUR'
7KH+HWHUR'FRGH VROYHV OLQHDU HODVWLFLW\ SUREOHPV LQPHGLDZLWK VLPSOH FXEH JHRPHWULHV DQG
KHWHURJHQHRXVPDWHULDOSURSHUWLHV)LJDXVLQJSDUDOOHO)(07KLVW\SHRIKHWHURJHQHRXVSUREOHP
DULVHV RIWHQ LQ JHRSK\VLFV DSSOLFDWLRQV >@ 7ULOLQHDU KH[DKHGUDO FXELF HOHPHQWV DUH XVHG IRU WKH
GLVFUHWL]DWLRQDQGDKHWHURJHQHRXVGLVWULEXWLRQRI<RXQJ¶VPRGXOXVLQHDFKHOHPHQWLVFDOFXODWHGZLWK
DVHTXHQWLDO*DXVVDOJRULWKPZKLFKLVZLGHO\XVHGLQJHRVWDWLVWLFV>@7KHERXQGDU\FRQGLWLRQVDUH
GHVFULEHGLQ)LJE
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)LJXUH  6LPSOH FXELF JHRPHWULHV ZLWK KHWHURJHQHLW\ IRU ' OLQHDU HODVWLFLW\ SUREOHPV D GLVWULEXWLRQ RI
<RXQJ¶VPRGXOXVEERXQGDU\FRQGLWLRQV
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)LJXUH  3UHFRQGLWLRQLQJ LQ WKH
,/87p,d,t PHWKRG p OHYHO RI ILOO
LQ¶V d GURSSLQJ WROHUDQFH EHIRUH
IDFWRUL]DWLRQ t GURSSLQJ WROHUDQFH
DIWHUIDFWRUL]DWLRQ
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
7KH+HWHUR'FRGHLVEDVHGRQWKHIUDPHZRUNIRUSDUDOOHO)(0SURFHGXUHVRIWKH*HR)(0>@
DQGWKH*HR)(0ORFDOGDWDVWUXFWXUHLVDSSOLHG+HWHUR'JHQHUDWHVSDUDOOHOGLVWULEXWHGORFDOPHVKHV
DQGFRHIILFLHQWPDWULFHVLQDSDUDOOHOPDQQHUXVLQJ03,,Q+HWHUR'WKHWRWDOQXPEHURIYHUWLFHVLQ
HDFKGLUHFWLRQ Nx, Ny, Nz DQG WKHQXPEHU RI SDUWLWLRQV LQ HDFKGLUHFWLRQ Px, Py, Pz DUH VSHFLILHG
EHIRUHFRPSXWDWLRQ7KHQXPEHURIWRWDO03,SURFHVVHVLVHTXDOWRPx uPy uPzDQGHDFK03,SURFHVV
KDV NxPxu NyPyu NzPz YHUWLFHV7KH VSDWLDO GLVWULEXWLRQ RI<RXQJ¶VPRGXOXV LV JLYHQ LQ DQ
H[WHUQDOILOHZKLFKLQFOXGHVLQIRUPDWLRQIRUKHWHURJHQHLW\LQDFXEHJHRPHWU\,INxRUNyRUNz
LVODUJHUWKDQWKHGLVWULEXWLRQRIWKHVHFXEHVLVUHSHDWHGSHULRGLFDOO\LQHDFKGLUHFWLRQ2QO\
WKHIODW03,SDUDOOHOSURJUDPPLQJPRGHOFDQEHDSSOLHGWRWKHFXUUHQWYHUVLRQRI+HWHUR'
 3UHFRQGLWLRQHG,WHUDWLYH6ROYHUV
,QWKHSUHVHQWZRUNWKHGHULYHGPDWULFHVDUHVROYHGE\*HQHUDOL]HG3URGXFWW\SHLWHUDWLYHPHWKRGV
EDVHGRQ%L&**3%L&* >@DQG ,/87p,d,tSUHFRQGLWLRQLQJ LV DSSOLHGZKHUHpd DQG t DUH
GHILQHGDVIROORZV

x pPD[LPXPOHYHORIWKHILOOLQIRU,QFRPSOHWH/8,/8IDFWRUL]DWLRQ>@
x dWKUHVKROGSDUDPHWHUIRUGURSSLQJWKHWROHUDQFHbeforeIDFWRUL]DWLRQAijHOHPHQWVRIWKHLQLWLDO
FRHIILFLHQWPDWUL[AQRUPDOL]HGE\_Di__Dj_ZKHUHDiLVWKHGLDJRQDOFRPSRQHQWRIWKHiWKURZRI
WKHRULJLQDOFRHIILFLHQWPDWUL[LVVHWWRLIAijLVVPDOOHUWKDQd)LJ
x t7KUHVKROGSDUDPHWHUIRUGURSSLQJWKHWROHUDQFHafterIDFWRUL]DWLRQMijHDFKFRPSRQHQWRIWKH
IDFWRUL]HGPDWUL[M E\%,/8LVVHWWRLIMijLVVPDOOHUWKDQt)LJ

7KH,/87p,d,tPHWKRGLVPRUHSUDFWLFDOWKDQWUDGLWLRQDO,/87PHWKRGVEHFDXVHLWVSHFLILHVWKH
PD[LPXP OHYHO RI WKH ILOOLQ p IRU ,/8 IDFWRUL]DWLRQEHIRUH FRPSXWDWLRQ7KXVERWKPHPRU\DQG
SURFHVVLQJSRZHU DUH XVHGPRUH HIILFLHQWO\ FRPSDUHGZLWK WKH WUDGLWLRQDO ,/87PHWKRG+HWHUR' 
VROYHV'OLQHDUHODVWLFLW\SUREOHPVDQGHDFKYHUWH[KDV WKUHHGHJUHHVRIIUHHGRP'2) u, v, w
ZKHUH WKH FRPSRQHQWV GHQRWH GLVSODFHPHQW LQ WKH x y DQG z GLUHFWLRQV UHVSHFWLYHO\ 7KHVH WKUHH
FRPSRQHQWVDUHWLJKWO\FRXSOHGWKHUHIRUHWKH\DUHSURFHVVHGVLPXOWDQHRXVO\LQE\uEORFNV
XVLQJPDWUL[RSHUDWLRQV>@7KLVEORFNZLVHPDQQHULVHIILFLHQWIRUSHUIRUPLQJPDWUL[RSHUDWLRQVLQ
+HWHUR' ,/87p,d,t SUHFRQGLWLRQLQJ LV DOVR GRQH LQ WKLV EORFNZLVH PDQQHU WKHUHIRUH WKH
,/87p,d,tPHWKRGLVFDOOHG%,/87p,d,t%ORFN,/87%,/87p,d,tSUHFRQGLWLRQLQJVKRZQLQ)LJ
LVDSSOLHGWRHDFKORFDOPDWUL[IRUHDFK03,SURFHVV,Q%,/87p,d,tGURSSLQJRSHUDWLRQVIRUdDQG
tDUHGRQHEDVHGRQWKHODUJHVWDEVROXWHYDOXHRIWKHFRPSRQHQWVLQHDFKuEORFNRIWKHPDWULFHV
,W LV ZLGHO\ NQRZQ WKDW WKH FRQYHUJHQFH RI SDUDOOHO SUHFRQGLWLRQHG LWHUDWLYH VROYHUV LV VWURQJO\
DIIHFWHGE\PHWKRGV IRUGRPDLQGHFRPSRVLWLRQ HVSHFLDOO\ IRU LOOFRQGLWLRQHGSUREOHPV >@ ,Q WKH
SUHVHQWZRUN WZRW\SHVRIGRPDLQGHFRPSRVLWLRQPHWKRGV/%-/RFDOL]HG%ORFN-DFREL >@DQG
+,'+LHUDUFKLFDO,QWHUIDFH'HFRPSRVLWLRQ>@DUHDSSOLHG
 /RFDOL]HG%ORFN-DFREL/%-
,Q WKHSUHVHQWZRUN WKHGLVWULEXWHG ORFDOGDWD VWUXFWXUH IRUSDUDOOHO)(0 LVEDVHGRQ WKDWRI WKH
*HR)(0>@9HUWLFHVQRGHVLQHDFKORFDOPHVK LQWKH*HR)(0GDWDVWUXFWXUHDUHFODVVLILHG LQWR
WKHIROORZLQJWKUHHFDWHJRULHVIURPWKHYLHZSRLQWRIPHVVDJHSDVVLQJ)LJD>@

x ,QWHUQDOQRGHVRULJLQDOO\DVVLJQHGWRWKH03,SURFHVVSDUWLWLRQ
x ([WHUQDOQRGHVIRUPLQJDQHOHPHQWLQWKHSDUWLWLRQEXWDUHIURPH[WHUQDOSDUWLWLRQV
x %RXQGDU\QRGHVH[WHUQDOQRGHVRIRWKHUSDUWLWLRQV

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(DFKRI3(3(GHQRWHVHDFK03,SURFHVVDQGHDFKQXPEHUFRUUHVSRQGV WR ORFDOYHUWH[ ,'RQ
HDFK03,SURFHVVSDUWLWLRQLQ)LJD
/%-EDVHG SUHFRQGLWLRQHUV DUHZLGHO\ XVHG IRU SDUDOOHO LWHUDWLYH VROYHUV 7KH\ SURYLGH H[FHOOHQW
SDUDOOHOSHUIRUPDQFH IRUZHOOGHILQHGSUREOHPVEXW WKH\DUHQRWUREXVW IRU LOOFRQGLWLRQHGSUREOHPV
ZLWKPDQ\SURFHVVRUVEHFDXVHWKH\LJQRUHWKHJOREDOHIIHFWRIH[WHUQDOQRGHVLQRWKHUSDUWLWLRQV7KH
JHQHUDOO\XVHGUHPHG\LVDQH[WHQVLRQRIWKHRYHUODSSLQJHOHPHQWVEHWZHHQ03,SDUWLWLRQV>@)LJ
E ,Q WKH SUHVHQW ZRUN YDULRXV FRQILJXUDWLRQV RI WKLFNQHVV IRU WKH RYHUODSSLQJ ]RQHV EHWZHHQ
GLVWULEXWHG ORFDO PHVKHV IRU SDUDOOHO )(0 DUH HYDOXDWHG IRU /%- ZKHUH /%-x PHDQV /%- ZLWK x
OD\HUVRIRYHUODSSLQJHOHPHQWV
,W LV ZLGHO\ NQRZQ WKDW WKH UHRUGHULQJ RI YHUWLFHV VWURQJO\ DIIHFWV WKH FRQYHUJHQFH RI LWHUDWLYH
VROYHUVZLWK,/8W\SHSUHFRQGLWLRQHUV>@
,Q>@5&0HQWLUHQXPEHULQJZDVLQWURGXFHGZKHUHERWKWKHLQWHUQDODQGH[WHUQDOQRGHVLQHDFK
SDUWLWLRQDUH UHRUGHUHGDFFRUGLQJ WR WKH5HYHUVH&XWKLOO0FNHH5&0PHWKRG >@ ,WPD\EHQRWHG
WKDWERWKWKHEDQGZLGWKRIORFDOFRHIILFLHQWPDWULFHVDQGWKHQXPEHURIILOOLQ¶VRIIDFWRUL]HGPDWULFHV
DUH VPDOOHU WKDQ WKDW RI PDWULFHV GHULYHG IURP RULJLQDO LQWHUQDOH[WHUQDO QXPEHULQJ >@ ,Q WKH
SUHVHQWZRUN5&0HQWLUHQXPEHULQJLVDSSOLHG

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)LJXUH/RFDOGDWDVWUXFWXUHIRUSDUDOOHO)(0ZLWKH[WHQVLRQRIGHSWKRIRYHUODSSLQJ>@DGLVWULEXWHGORFDO
GDWDVWUXFWXUHLQWKH*HR)(0>@HDFKRI3(3(GHQRWHVHDFK03,SURFHVVHDFKQXPEHUFRUUHVSRQGV
WRORFDOYHUWH[,'RQHDFK03,SURFHVVSDUWLWLRQEH[WHQVLRQRIGHSWKRIRYHUODSSLQJ>@
 +LHUDUFKLFDO,QWHUIDFH'HFRPSRVLWLRQ+,'
+,' >@ SURYLGHV D PHWKRG IRU GRPDLQ GHFRPSRVLWLRQ WKDW LV UREXVW DQG VFDODEOH IRU SDUDOOHO
SUHFRQGLWLRQHUVEDVHGRQWKH,/8DQG,&,QFRPSOHWH&KROHVN\IDFWRUL]DWLRQVDQGLWLVH[SHFWHGWREH
PRUHUREXVWWKDQ/%-EDVHGRQHV
7KH +,' SURFHVV VWDUWV ZLWK D SDUWLWLRQLQJ RI WKH JUDSK LQWR VXEJUDSKV ZKHUH WKHUH LV QR
RYHUODSSLQJEHWZHHQVXEJUDSKV7KHVH VXEJUDSKV DUHFDOOHGconnectors with level-1 &%HFDXVH
HDFK&FRQQHFWRUFRUUHVSRQGVWRDSDUWLWLRQLQSDUDOOHOFRPSXWDWLRQVZLWKGRPDLQGHFRPSRVLWLRQ&
FRQQHFWRUVDUHFDOOHGsub-domains7KHlevelsDUHGHILQHGUHFXUVLYHO\IURPWKLVSDUWLWLRQLQJZLWKHDFK
OHYHOFRQVLVWLQJRIDVHWRIYHUWH[JURXSV(DFKYHUWH[JURXSRIDJLYHQOHYHOLVDVHSDUDWRUIRUYHUWH[
JURXSV RI D ORZHU OHYHO ,Q >@ WKH FRQFHSWV RI FRQQHFWRUV RI GLIIHUHQW OHYHOV &N DUH LQWURGXFHG
ZKHUH&NFRQQHFWRUVDUHDGMDFHQWWRNVXEGRPDLQV)LJXUHDVKRZVWKHH[DPSOHRIWKHSDUWLWLRQRI
WKHWZRGLPHQVLRQDOJULGEDVHGRQDSRLQWVWHQFLO LQWRSDUWLWLRQVVXEGRPDLQV7KHQXPEHUVLQ
)LJDDQG)LJEGHQRWH ,'¶VRIsub-domain’s &FRQQHFWRUVDGMDFHQW WRHDFKFRQQHFWRU&NDW
HDFK OHYHO 1RWH WKDW GLIIHUHQW FRQQHFWRUV RI WKH VDPH OHYHO DUH QRW FRQQHFWHG GLUHFWO\ EXW DUH
VHSDUDWHG E\ FRQQHFWRUV RI KLJKHU OHYHOV ,I WKH XQNQRZQV DUH UHRUGHUHG DFFRUGLQJ WR WKHLU OHYHO
QXPEHUV IURPWKH ORZHVW WRKLJKHVW WKHEORFNVWUXFWXUHRI WKHUHRUGHUHGPDWUL[ LVDVVKRZQLQ)LJ
E7KLVEORFNVWUXFWXUH OHDGV WRDQDWXUDOSDUDOOHOLVPLI ,/8,&IDFWRUL]DWLRQRU IRUZDUGEDFNZDUG
VXEVWLWXWLRQ SURFHVVHV DUH DSSOLHG 'HWDLOV RI DOJRULWKPV IRU WKH FRQVWUXFWLRQ RI LQGHSHQGHQW
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
FRQQHFWRUVDUHSURYLGHGLQ>@7KXV+,'EDVHG,/8,&W\SHSUHFRQGLWLRQHUVFDQFRQVLGHUWKHJOREDO
HIIHFW LQSDUDOOHOFRPSXWDWLRQVDQGDUHH[SHFWHG WREHPRUHUREXVW WKDQ/%-EDVHGRQHV ,Q>@ WKH
RULJLQDOSDUWLWLRQHUIRUWKH*HR)(0IRUGRPDLQGHFRPSRVLWLRQZDVPRGLILHGVRWKDWLWFRXOGFUHDWHD
GLVWULEXWHG KLHUDUFKLFDO GDWD VWUXFWXUH IRU +,' *OREDO FRPPXQLFDWLRQV XVLQJ KLHUDUFKLFDO
FRPPXQLFDWLRQWDEOHVIRU+,'SURFHGXUHVRFFXUDW WKHHQGRIWKHFRPSXWDWLRQDWHDFKOHYHO+,'LV
PRUHH[SHQVLYHWKDQ/%-GXHWRWKHVHDGGLWLRQDOFRPPXQLFDWLRQV$OWKRXJKWKHDXWKRUH[WHQGHG+,'
IRUUREXVWQHVVXVLQJWKLFNHUVHSDUDWRUVLQ>@RULJLQDOLPSOHPHQWDWLRQRI+,'LQ>@LVDSSOLHGLQWKLV
VWXG\

DE
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









)LJXUH'RPDLQEORFNGHFRPSRVLWLRQRIWKHPDWUL[DFFRUGLQJWRWKH+,'UHRUGHULQJHDFKQXPEHUGHQRWHV,'
RIHDFKsub-domain&FRQQHFWRUDGMDFHQWWRHDFKFRQQHFWRU&NDWHDFKOHYHO
DGRPDLQGHFRPSRVLWLRQconnectorsDQGkeysEVWUXFWXUHRIGRPDLQEORFNPDWUL[
 +DUGZDUH(QYLURQPHQW
7KHFujitsu FX10 V\VWHP DW WKH8QLYHUVLW\ RI7RN\R Oakleaf-FX >@ LV D )XMLWVX 35,0(+3&
); PDVVLYHO\ SDUDOOHO VXSHUFRPSXWHU ZLWK D SHDN SHUIRUPDQFH RI  3)/236 2DNOHDI);
FRQVLVWVRIFRPSXWLQJQRGHVRI63$5&,;I[SURFHVVRUVZLWKVL[WHHQFRUHV*+]
ZLWK*%RIPHPRU\SHUQRGHDQGLWVSHDNSHUIRUPDQFHLV*)/236>@7KHHQWLUHV\VWHP
FRQVLVWVRIFRUHVDQG7%PHPRU\(DFKFRUHKDVD.%/LQVWUXFWLRQGDWDFDFKH$
0% / FDFKH LV VKDUHG E\ VL[WHHQ FRUHV RQ HDFK QRGH 1RGHV DUH FRQQHFWHG YLD D GLPHQVLRQDO
PHVKWRUXVLQWHUFRQQHFWFDOOHGTofu
 3UHOLPLQDU\5HVXOWV
,QWKLVVHFWLRQDSUHOLPLQDU\VWXG\ZDVFRQGXFWHGWRGHWHUPLQHWKHDSSURSULDWHFRQILJXUDWLRQVIRU
WKHIROORZLQJLVVXHV

x 2SWLPXPYDOXHRIdLQ%,/87p,d,tGURSSLQJWROHUDQFHRI%,/87p,d,tEHIRUHIDFWRUL]DWLRQ
x 2SWLPXPYDOXHRIx LQ/%-x WKLFNQHVVRIRYHUODSSLQJ]RQHVEHWZHHQGLVWULEXWHG ORFDOPHVKHV
IRUSDUDOOHO)(0

7KHWDUJHWSUREOHPLVD'OLQHDUHODVWLFSUREOHPZLWKuuYHUWLFHV uYHUWLFHV
HOHPHQWVu'2)QRGHVFRUHVRIWKH2DNOHDI);V\VWHPZHUHXVHG
     
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
 (IIHFWRIdDQGtLQWKH%,/87p,d,tPHWKRG
)LUVW RI DOO WKH HIIHFW RI SDUDPHWHUV d DQG t LQ %,/87p,d,t+,'ZDV HYDOXDWHG LQ D ' OLQHDU
HODVWLFSUREOHP7KHPLQLPXPDQGPD[LPXPYDOXHVRI<RXQJ¶VPRGXOXVEminDQGEmaxDUHDQG
UHVSHFWLYHO\ZLWKDQDYHUDJHYDOXHRI)LJXUHDVKRZVWKHHIIHFWRItRQWKHFRQYHUJHQFH
DQG HIILFLHQF\ RI WKH %,/87t+,' ZKLOH )LJ E VKRZV WKDW RI d RQ WKH FRQYHUJHQFH DQG
HIILFLHQF\RIWKH%,/87du+,'³11=RI>0@´LQ)LJVDDQGEUHIHUVWRWKHWRWDO
QXPEHURIQRQ]HURFRPSRQHQWV11=LQWKHIDFWRUL]HGPDWULFHVIRUWKH%,/87p,d,t>0@PHWKRG
³,WHUDWLRQV´PHDQVWKHQXPEHURILWHUDWLRQVXQWLOFRQYHUJHQFHZKLOH³6ROYHU7LPH´PHDQVWKHHODSVHG
FRPSXWDWLRQ WLPH IRU WKH OLQHDUVROYHUZKHUH WKH WLPH IRU IDFWRUL]DWLRQDQGGURSSLQJVHWXS LVQRW
LQFOXGHG,Q)LJDdLVIL[HGDVtLVYDULHGIURPWRuDQGWKHUHVXOWVDUHQRUPDOL]HG
E\WKRVHRIWKH%,/87+,'*HQHUDOO\VSHDNLQJNNZGHFUHDVHVDQGWKHQXPEHURI LWHUDWLRQV
XQWLOFRQYHUJHQFH LQFUHDVHV LId LQFUHDVHV%HFDXVH11=FRUUHVSRQGV WR WKHFRPSXWDWLRQDOFRVW IRU
HDFKLWHUDWLRQWKHSURGXFWRI11=DQGWKHQXPEHURILWHUDWLRQVZLOOEHWKHWLPHIRUFRPSXWDWLRQ,Q
WKLVFDVHt  uSURYLGHVWKHEHVWHIILFLHQF\IURPWKHYLHZSRLQWRIWRWDOFRPSXWDWLRQWLPH,It
LV RSWLPXP WKH HODSVHG FRPSXWDWLRQ WLPH IRU WKH OLQHDU VROYHURI WKH%,/87u+,' LV
RQO\DV ODUJHDV WKDWRI WKH%,/87+,'ZLWKRXWGURSSLQJ ,Q)LJE t LV IL[HGDW WKH
RSWLPXPYDOXHIURP)LJDt udLVFKDQJHGIURPWRuDQGWKHUHVXOWVDUH
QRUPDOL]HGE\WKRVHRIWKH%,/87u+,'7KHHIIHFWRIdLVYHU\VPDOOLIdLVOHVVWKDQ
uDQGFRQYHUJHQFHJHWVVLJQLILFDQWO\ZRUVHLIdLVODUJHUWKDQuZKHUHWKHLPSRUWDQW
IHDWXUHVRIWKHRULJLQDOPDWULFHVDUHORVW 
7KHVH UHVXOWV VKRZ WKDW LQWURGXFLQJ WKH WKUHVKROG SDUDPHWHUd LV QRW HIIHFWLYH IRU LPSURYLQJ WKH
FRQYHUJHQFH RI WKH %,/87p,d,t+,'*3%L&* WKHUHIRUH ZH IL[ d DW  LQ WKH SUHVHQW ZRUN ,Q
FRQWUDVWWKHFRQWULEXWLRQRIGURSSLQJDIWHUIDFWRUL]DWLRQRQLPSURYHPHQWLVYHU\ODUJH7KHRSWLPXP
YDOXHRItYDULHVDFFRUGLQJWRWKHIHDWXUHVRIWKHSUREOHPEHLQJFRQVLGHUHGWKHFRQGLWLRQQXPEHUWKH
VL]HRIWKHSUREOHPVDQGPDQ\RWKHUIDFWRUV:HZLOOLQYHVWLJDWHWKHHIIHFWRItLQWKHQH[WVHFWLRQLQ
PRUHGHWDLOV

DE
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
)LJXUH(IIHFWRIdDQGtRQWKHFRQYHUJHQFHDQGHIILFLHQF\RIWKH%,/87d,t+,'*3%L&*ZLWKQRGHV
FRUHVRIWKH2DNOHDI);Emax Emax 11=RI>0@7KHWRWDOQXPEHURIQRQ]HURFRPSRQHQWV
11=LQWKHIDFWRUL]HGPDWULFHVIRU%,/87p,d,t>0@D%,/87t+,'UHVXOWVDUHQRUPDOL]HGE\WKRVHRI
%,/87+,'E%,/87du+,'QRUPDOL]HGE\%,/87u+,'




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
( ( ( (
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W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W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6ROYHU7LPH
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
 (IIHFWRIWKLFNQHVVRIRYHUODSSLQJ]RQHV
1H[WWKHHIIHFWRIWKHWKLFNQHVVRIWKHRYHUODSSLQJ]RQHVEHWZHHQGLVWULEXWHGORFDOPHVKHVIRUWKH
SDUDOOHO)(0 LVHYDOXDWHG IRU/%-ZKHUH/%-xPHDQV/%-ZLWKx OD\HUVRIRYHUODSSLQJHOHPHQWV
7KH PLQLPXP DQG PD[LPXP YDOXHV RI <RXQJ¶V PRGXOXV DUH  DQG  UHVSHFWLYHO\ ZLWK DQ
DYHUDJHYDOXHRI5&0(QWLUHLVDSSOLHGWRWKHQXPEHULQJRIGLVWULEXWHGORFDOPHVKHV
7DEOHVKRZV WKHUHVXOWVZKHUHYDOXHVRIdDQG tDUHVHW WR]HUR LQ%,/8p,d,t%HFDXVH/%-
SURYLGHV WKH EHVW WRWDO HODSVHG WLPH VHWXS  VROYHU JHQHUDOO\ ZH IL[ WKH x LQ /%-x DV  LQ WKH
SUHVHQWZRUN6HWXSWLPHLQ7DEOHPHDQVWKHFRPSXWDWLRQ WLPHRIWKH%,/87PDWULFHV LQFOXGLQJ
IDFWRUL]DWLRQDQGGURSSLQJ*HQHUDOO\VSHDNLQJLIWKHOHYHORIILOOLQpDQGWKHGHSWKRIRYHUODSSLQJ
LQFUHDVHWKHWLPHIRUVHWXSLQFUHDVHV7KLVLVEHFDXVHWKHDPRXQWRIFRPSXWDWLRQLQFUHDVHVDFFRUGLQJ
WR WKHVHSDUDPHWHUV ,W LV FOHDU WKDW ODUJHU OHYHOVRI ILOOLQ¶V DQGGHSWKRIRYHUODSSLQJSURYLGHEHWWHU
FRQYHUJHQFH EXW WKH FRPSXWDWLRQ FRVW IRU ERWK WKH VHWXS DQG OLQHDU VROYHU LQFUHDVHV )LQGLQJ WKH
RSWLPXPFRPELQDWLRQRISDUDPHWHUVp, d, tDQGGHSWKRIRYHUODSSLQJxRI/%-x LVDYHU\FULWLFDO
LVVXHIRUHIILFLHQF\DQGUREXVWQHVV
7DEOH  (IIHFW RI WKH WKLFNQHVV RI WKH RYHUODSSLQJ ]RQHV RI /%- RQ WKH FRQYHUJHQFH DQG HIILFLHQF\ RI
%,/87p,d,t/%-x*3%L&*ZLWKQRGHVFRUHVRIWKH2DNOHDI);Emax Emax  RCM-
EntireQXPEHULQJ%,/87p,0,0/%-x
3UHFRQGLWLRQHU	
'RPDLQ'HFRPSRVLWLRQ 11=
6HWXS
VHF
6ROYHU
VHF
7RWDO
VHF ,WHUDWLRQV
%,/87/%- u㻌 㻌 㻌 㻌 㻌
%,/87/%- u㻌 㻌 㻌 㻌 㻌
%,/87/%- u㻌 㻌 㻌 㻌 㻌
%,/87/%- u㻌 㻌 㻌 㻌 㻌
%,/87/%- u㻌 㻌 㻌 㻌 㻌
%,/87/%- u㻌 㻌 㻌 㻌 㻌
%,/87/%- u㻌 㻌 㻌 㻌 㻌
%,/87/%- u㻌 㻌 㻌 㻌 㻌
%,/87/%- u㻌 㻌 㻌 㻌 㻌
 5HVXOWV
 (IIHFWRItLQ%,/8p,d,t
7KHHIIHFWRIWKHSDUDPHWHUtLQ%,/87p,d,t+,'DQG%,/87p,d,t/%-xKDVEHHQHYDOXDWHGLQ
D'OLQHDUHODVWLFSUREOHPZLWKuuYHUWLFHVu'2)XVLQJQRGHV
FRUHVRIWKH2DNOHDI);V\VWHP7KHPLQLPXPDQGPD[LPXPYDOXHVRI<RXQJ¶VPRGXOXVEminDQG
EmaxDUHDQGUHVSHFWLYHO\ZLWKDQDYHUDJHYDOXHRI7KHYDOXHRIdLVIL[HGDVDQGx
RI/%-xLVVHWWRIURPWKHUHVXOWVRIWKHSUHYLRXVVHFWLRQ
)LJXUHVDDQGEVKRZWKHHIIHFWRItRQWKHFRQYHUJHQFH11=DQGHIILFLHQF\FRPSXWDWLRQ
WLPHIRUOLQHDUVROYHUVRI%,/87t+,'DQG%,/87t/%-UHVSHFWLYHO\ZKHUHWKHUHVXOWV
DUH QRUPDOL]HG E\ WKH UHVXOWV RI %,/87/%- 7KH RSWLPXP YDOXH RI t DFFRUGLQJ WR WKH
PLQLPXP WLPH IRU WKH OLQHDU VROYHU LV  u  IRU %,/87t+,' DQG  u  IRU
%,/87t /%-UHVSHFWLYHO\7KHQXPEHURI LWHUDWLRQVXQWLOFRQYHUJHQFHDEUXSWO\GURSVDW t  
uLQ%,/87t/%-DVVKRZQLQ)LJE)LJXUHFRPSDUHVUHVXOWVRI%,/87pt
+,'DQG%,/87pt/%-IRURSWLPXPYDOXHVRIt,IZHFRPSDUHWKHUHVXOWVLQ)LJIRURSWLPXP
YDOXHVRIt%,/87topt+,'%/,87topt+,'DQG%,/87topt/%-DUHFRPSHWLWLYH,I
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
ZH FRPSDUH WKH UHODWLYH FRPSXWDWLRQ WLPHV IRU OLQHDU VROYHUV QRUPDOL]HGE\ WKDWRI%,/87
/%-ZHFDQGUDZWKHIROORZLQJFRQFOXVLRQV

x 7KHUHODWLYHFRPSXWDWLRQWLPH5&7LVJHQHUDOO\LQ%,/87t+,'DQG
LQ%/,87t+,' 
x 5&7LVJHQHUDOO\RUKLJKHULQ%,/87t/%-
x 5&7LVJHQHUDOO\LQ%,/87t/%-DOWKRXJKWKHRSWLPXPFDVHRI%,/87
î/%-KLWVZKLFKLVFRPSHWLWLYHZLWK%/,87t+,'DVVKRZQLQ)LJE%XW
WKLVLVDYHU\XQLTXHFDVH

)URPWKHYLHZSRLQWRIWKHFRPSXWDWLRQWLPHIRUWKHOLQHDUVROYHU%,/87t+,'LVWKHPRVWUREXVW
IRUDZLGHUDQJHRIYDOXHVRItDOWKRXJKWKHVHWXSWLPHLVJUHDWHUWKDQ%,/87t+,'

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D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,t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E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FRUHV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);Emax Emax QRUPDOL]HGE\UHVXOWVRI%,/87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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*3%L&*ZLWKRSWLPXPtDWQRGHVFRUHVRIWKH
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 6WURQJ6FDOLQJ
)LQDOO\ VWURQJ VFDOLQJ KDV EHHQ DSSOLHG WR D ' OLQHDU HODVWLF SUREOHP ZLWK  u  u 
YHUWLFHV u'2)XVLQJXS WRQRGHV FRUHVRI WKH2DNOHDI);V\VWHP)LJXUHV
D DQG E VKRZ WKH UHGXFWLRQ LQ WKH WRWDO HODSVHG WLPH IRU WKH OLQHDU VROYHUV DQG VHWXS
IDFWRUL]DWLRQDQGGURSSLQJE\VWURQJVFDOLQJ IURPFRUHV WRFRUHV7KHFRPSXWDWLRQ WLPH
IRUHDFKFDVHLVQRUPDOL]HGE\WKDWRI%,/87u+,'ZLWKFRUHV*HQHUDOO\VSHDNLQJ
%,/87u+,' DQG %,/87u/%- DUH FRPSHWLWLYH EXW
%,/87u+,' LV VOLJKWO\PRUH HIILFLHQW DQGPRUH UREXVW%,/87u/%-
GLGQRWFRQYHUJHLQWKHFDVHZLWKFRUHV
)RUEHWZHHQFRUHVWKHSDUDOOHOSHUIRUPDQFHLVODUJHUWKDQDVVKRZQLQ)LJE
GXHWRWKHsuper-linearHIIHFWZKHUHWKHSUREOHPVL]HRQHDFK03,SURFHVVLVVPDOOHQRXJKVRWKDWDOO
RI WKH GDWD FDQ UHVLGH RQ FDFKHPHPRU\%XW WKH SDUDOOHO SHUIRUPDQFH GHFUHDVHV LI WKH QXPEHU RI
FRUHVLVPRUHWKDQEHFDXVHRIFRPPXQLFDWLRQRYHUKHDG

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)LJXUH6WURQJVFDODELOLW\IRUWRWDOHODSVHGFRPSXWDWLRQWLPHVHWXSVROYHURI%,/87p,d,t/%-+,'*3%L
&* ZLWK RSWLPXP t RQ WKH 2DNOHDI); QRUPDOL]HG E\ WRWDO HODSVHG FRPSXWDWLRQ WLPH VHWXS  VROYHU IRU
%,/87u+,'ZLWKFRUHVEmax Emax d   IRUDOOFDVHVDVSHHGXSESDUDOOHO
SHUIRUPDQFH
 5HODWHG:RUN
7KHUHKDYHEHHQDORWRIVWXGLHVRQ,/87SUHFRQGLWLRQLQJVXFKDV>@7KHVHVWXGLHVXVHG
DVLQJOH&38DQGWKHHIIHFWVRISDUDPHWHUVVXFKDVWKHGURSSLQJWKUHVKROGtLQWKHSUHVHQWZRUNDQG
WKHQXPEHURIQRQ]HURRIIGLDJRQDOFRPSRQHQWVRIWKHIDFWRUL]HGPDWUL[ZHUHHYDOXDWHG,Q>@WKH
HIILFLHQF\DQGUREXVWQHVVRI,/87ZHUHHYDOXDWHGDFFRUGLQJWRWKHGURSSLQJWKUHVKROGDQGWKHQXPEHU
RI QRQ]HUR RIIGLDJRQDO FRPSRQHQWV RI WKH IDFWRUL]HG PDWUL[ ,Q HDFK RI >@ WKH DXWKRUV
SURSRVHG PHWKRGV IRU VHOHFWLRQ RI WKH RSWLPXP FRPELQDWLRQ RI SDUDPHWHUV 0D\HU SURSRVHG WKH
weighting dropping strategy>@ZKLFKPLQLPL]HV__A-M__ZKHUHMLVWKHSURGXFWRILpDQGUpDQG
Lp DQGUp DUH WKH ORZHUXSSHU WULDQJXODU PDWUL[ RI ,/87 IDFWRUL]DWLRQ RIA 7KLV PHWKRG LV PRUH
WKHRUHWLFDO WKDQRWKHUV DQG LW SURYLGHV UREXVW FRQYHUJHQFH HYHQ LI WKH GURSSLQJ WKUHVKROG LVRI WKH
RUGHURI*XSWDDQG*HRUJHHVWLPDWHGWKHRSWLPXPSDUDPHWHUVEDVHGRQWKHUHVXOWVIRURWKHUFDVHV
ZLWKVLPLODUFRQILJXUDWLRQV>@=KDQJHWDOSURSRVHGflexible factorization>@ZKLFKFRQWUROVWKH
QXPEHU RI QRQ]HUR RIIGLDJRQDO FRPSRQHQWV LQ WKH IDFWRUL]HGPDWUL[ XVLQJ D VLPSOH H[SHULPHQWDO
HTXDWLRQ7KLVPHWKRGLPSURYHVWKHGLVWULEXWLRQRIHLJHQYDOXHVRI WKHIDFWRUL]HGPDWULFHV7KHUHDUH
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
QR VWXGLHV UHODWHG WR ,/87 IRU SDUDOOHO FRPSXWLQJ EHFDXVH FRQYHUJHQFH LV VWURQJO\ DIIHFWHG E\ WKH
PHWKRGRIGRPDLQGHFRPSRVLWLRQDVVKRZQLQWKHSUHVHQWZRUN
,Q >@ WKH DXWKRU RI WKH SUHVHQW ZRUN HYDOXDWHG WKH HIIHFWV RI SUHFRQGLWLRQLQJ DQG GRPDLQ
GHFRPSRVLWLRQVIRUDZLGHUDQJHRISUREOHPVXVLQJGLVWULEXWHGSDUDOOHOFRPSXWHUV0RUHRYHUVHOHFWLYH
EORFNLQJSUHFRQGLWLRQLQJ>@VHOHFWLYHILOOLQRYHUODSSLQJ>@DQGH[WHQGHG+,'>@DUHSURSRVHGDQG
HYDOXDWHG
 6XPPDU\
7KH HIILFLHQF\ DQG UREXVWQHVV RI SUHFRQGLWLRQHG SDUDOOHO LWHUDWLYH VROYHUV EDVHG RQ GRPDLQ
GHFRPSRVLWLRQIRULOOFRQGLWLRQHGSUREOHPVZLWKKHWHURJHQHRXVPDWHULDOSURSHUWLHVZHUHHYDOXDWHGLQ
WKHSUHVHQWZRUN7KLVW\SHRISUREOHPKDVQXPHURXVDSSOLFDWLRQVLQJHRSK\VLFV7KHSUHFRQGLWLRQLQJ
PHWKRGZDVEDVHGRQWKH%,/87p,d,tPHWKRGSURSRVHGE\WKHDXWKRU LQDSUHYLRXVZRUNDQGWZR
W\SHV RI GRPDLQ GHFRPSRVLWLRQ SURFHGXUHV /%- /RFDOL]HG %ORFN -DFREL DQG +,' +LHUDUFKLFDO
,QWHUIDFH'HFRPSRVLWLRQZHUH FRQVLGHUHG7KHSURSRVHGPHWKRGVZHUH DSSOLHG WR+HWHUR'FRGH
ZKLFK LV D SDUDOOHO ILQLWHHOHPHQW EHQFKPDUN SURJUDP IRU VROLG PHFKDQLFV SUREOHPV DQG WKH FRGH
SURYLGHG H[FHOOHQW VFDODELOLW\ DQG UREXVWQHVV IRU XS WR  QRGHV  FRUHV RI WKH )XMLWVX
35,0(+3& ); 2DNOHDI); DW WKH ,QIRUPDWLRQ 7HFKQRORJ\ &HQWHU WKH 8QLYHUVLW\ RI 7RN\R
*HQHUDOO\ +,' SURYLGHG EHWWHU HIILFLHQF\ DQG UREXVWQHVV WKDQ /%- IRU D ZLGH UDQJH RI SDUDPHWHU
YDOXHV
*HQHUDOO\,/87p,d,tZLWK+,'SURYLGHGHIILFLHQWDQGUREXVWFRQYHUJHQFH%HFDXVHRQO\DVLQJOH
DSSOLFDWLRQZDVHYDOXDWHGKHUHWKHSURSRVHGPHWKRGVKRXOGEHDSSOLHGWRRWKHUDSSOLFDWLRQVLQIXWXUH
VWXGLHV 0RUHRYHU WKH SURSRVHG PHWKRGV VKRXOG EH HYDOXDWHG RQ YDULRXV W\SHV RI VXSHUFRPSXWHU
V\VWHPVDOWKRXJKRQO\WKH)XMLWVX35,0(+3&);V\VWHPKDVEHHQDSSOLHGLQWKLVVWXG\%DODQFH
DPRQJYDULRXV W\SHV RIKDUGZDUHSDUDPHWHUV LQ VXSHUFRPSXWHU V\VWHPV VXFKDV&38SHUIRUPDQFH
PHPRU\ EDQGZLGWK DQGQHWZRUNSHUIRUPDQFH LV LPSRUWDQW EHFDXVH LWPD\ DIIHFW WKH HIILFLHQF\ LQ
SDUDOOHOFRPSXWDWLRQZLWKODUJHQXPEHURIFRPSXWLQJQRGHV9DULRXVW\SHVRIDSSOLFDWLRQVZLWKZLGH
UDQJHRISUREOHPVL]HVVKRXOGEHHYDOXDWHGRQYDULRXVW\SHVRIVXSHUFRPSXWHUV\VWHPV
$OWKRXJK WKH HIIHFW RI LQWURGXFLQJ DGGLWLRQDO SDUDPHWHUV ZDV HYDOXDWHG LQ WKH SUHVHQW ZRUN
RSWLPL]LQJ WKHSDUDPHWHU VHOHFWLRQ LV DOVR LPSRUWDQW DV LWZLOO LPSURYH WKH HIILFLHQF\ LQ D UDQJHRI
VFLHQWLILF FRPSXWLQJ DSSOLFDWLRQV &XUUHQWO\ WKHUH KDYH EHHQ QR SUDFWLFDO VWXGLHV LQ WKLV DUHD IRU
SDUDOOHO FRPSXWLQJ DOWKRXJK WKHUH KDYH EHHQ VRPH IRU VHULDO FRPSXWLQJ VXFK DV >@  $V
VKRZQ LQ WKH YHU\ XQLTXH EHKDYLRU RI%,/87î/%- LQ )LJ E LW LV JHQHUDOO\ YHU\
GLIILFXOWWRHVWLPDWHDQGXQGHUVWDQGWKHEHKDYLRURIWKHFRQYHUJHQFHRISDUDOOHOSUHFRQGLWLRQHUVIRULOO
FRQGLWLRQHGSUREOHPV2QHSRVVLEOHFULWHULRQLVWKHFRQGLWLRQQXPEHURIWKHPDWUL[EXWWKHFDOFXODWLRQ
LV JHQHUDOO\ H[SHQVLYH IRU ODUJHVFDOH DQG GLVWULEXWHG VSDUVH PDWULFHV ([WHQVLRQ RI WKH PHWKRGV
GHVFULEHGLQ>@WRSDUDOOHOFRPSXWDWLRQLVDSULRULW\IRUIXWXUHZRUN
$OWKRXJK WKH DXWKRU GHYHORSHG DQ H[WHQGHG YHUVLRQ RI +,' >@ RQO\ WKH RULJLQDO +,' ZDV
HYDOXDWHGLQWKHSUHVHQWZRUN,PSOHPHQWDWLRQRIWKHH[WHQGHG+,'LQ+HWHUR'DQGRWKHUJHRSK\VLFV
DSSOLFDWLRQV LV DOVR DQ LPSRUWDQW DUHD IRU IXWXUHZRUN ,PSOHPHQWDWLRQ RI GLUHFW OLQHDU VROYHUV DV D
ORFDOSUHFRQGLWLRQHURQHDFK03,SURFHVVLVDOVRFRQVLGHUHG)LQDOO\DQ2SHQ0303,K\EULGYHUVLRQ
RI WKH SUHFRQGLWLRQHG LWHUDWLYH VROYHU LV QRZ XQGHU GHYHORSPHQW DQG WKDW ZLOO EH DSSOLHG WR
PXOWLFRUHPDQ\FRUHFOXVWHUVLQWKHQHDUIXWXUH
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$FNQRZOHGJHPHQWV
7KLVZRUNLVVXSSRUWHGE\WKH&RUH5HVHDUFKIRU(YROXWLRQDO6FLHQFHDQG7HFKQRORJ\&5(67WKH
-DSDQ6FLHQFH DQG7HFKQRORJ\$JHQF\ -67-DSDQ DQGE\ WKH*HUPDQ3ULRULW\3URJUDPPH
6RIWZDUHIRU([DVFDOH&RPSXWLQJ633(;$,,
5HIHUHQFHV
>@ 6DDG<,WHUDWLYH0HWKRGVIRU6SDUVH/LQHDU6\VWHPVQG(GLWLRQ6,$0
>@ 6DDG<,/87$GXDO WKUHVKROGLQFRPSOHWH/8IDFWRUL]DWLRQ1XPHULFDO/LQHDU$OJHEUDZLWK
$SSOLFDWLRQV
>@ 1DNDMLPD . 3DUDOOHO 0XOWLVWDJH 3UHFRQGLWLRQHUV E\ ([WHQGHG +LHUDUFKLFDO ,QWHUIDFH
'HFRPSRVLWLRQ IRU ,OO&RQGLWLRQHG 3UREOHPV $GYDQFHV LQ 3DUDOOHO &RPSXWLQJ9RO )URP
0XOWLFRUHVDQG*38¶VWR3HWDVFDOH,26SUHVV
>@ 1DNDMLPD . 3DUDOOHO 3UHFRQGLWLRQLQJ0HWKRGV IRU ,WHUDWLYH 6ROYHUV %DVHG RQ %,/87p,d,t
+3& LQ $VLD 3RVWHU 6HVVLRQ ,QWHUQDWLRQDO 6XSHUFRPSXWLQJ &RQIHUHQFH ,6&¶ /HLS]LJ
*HUPDQ\
>@ 08036 D 08OWLIURQWDO 0DVVLYHO\ 3DUDOOHO VSDUVH GLUHFW 6ROYHU KWWSPXPSVHQVHHLKWIU
DFFHVVHGRQ$SULO
>@ 6XSHU/8KWWSFUGOHJDF\OEOJRYa[LDR\H6XSHU/8DFFHVVHGRQ$SULO
>@ ,QIRUPDWLRQ 7HFKQRORJ\ &HQWHU 7KH 8QLYHUVLW\ RI 7RN\R KWWSZZZFFXWRN\RDFMS
DFFHVVHGRQ$SULO
>@ 1DNDMLPD . 6WUDWHJLHV IRU 3UHFRQGLWLRQLQJ 0HWKRGV RI 3DUDOOHO ,WHUDWLYH 6ROYHUV LQ )LQLWH
(OHPHQW $SSOLFDWLRQV RQ *HRSK\VLFV $GYDQFHV LQ *HRFRPSXWLQJ /HFWXUH 1RWHV LQ (DUWK
6FLHQFH
>@ 'HXWVFK &9 DQG -RXUQHO $* *6/,% *HRVWDWLVWLFDO 6RIWZDUH /LEUDU\ DQG 8VHU¶V *XLGH
6HFRQG(GLWLRQ2[IRUG8QLY3UHVV
>@*HR)(0KWWSJHRIHPWRN\RULVWRUMSDFFHVVHGRQ$SULO
>@=KDQJ 6/ *3%L&* *HQHUDOL]HG 3URGXFWW\SH PHWKRGV EDVHG RQ %L&* IRU VROYLQJ
QRQV\PPHWULFOLQHDUV\VWHPV6,$0-RXUQDORI6FLHQWLILF&RPSXWLQJ
>@+HQRQ3DQG6DDG<$3DUDOOHO0XOWLVWDJH,/8)DFWRUL]DWLRQEDVHGRQD+LHUDUFKLFDO*UDSK
'HFRPSRVLWLRQ6,$0-RXUQDOIRU6FLHQWLILF&RPSXWLQJ
>@)XMLWVXKWWSZZZIXMLWVXFRPDFFHVVHGRQ$SULO
>@0D\HU - $OWHUQDWLYH:HLJKWHG 'URSSLQJ 6WUDWHJLHV IRU ,/873 6,$0 -RXUQDO RQ 6FLHQWLILF
&RPSXWLQJ
>@*XSWD$ DQG*HRUJH7$GDSWLYH7HFKQLTXHV IRU ,PSURYLQJ WKH3HUIRUPDQFHRI ,QFRPSOHWH
)DFWRUL]DWLRQ3UHFRQGLWLRQLQJ6,$0-RXUQDORQ6FLHQWLILF&RPSXWLQJ
>@=KDQJ < +XDQJ 7 -LQJ < DQG /L / )OH[LEOH LQFRPSOHWH &KROHVN\ IDFWRUL]DWLRQ ZLWK
PXOWL SDUDPHWHUV WR FRQWURO WKH QXPEHU RI QRQ]HUR HOHPHQWV LQ SUHFRQGLWLRQHUV 1XPHULFDO
/LQHDU$OJHEUDZLWK$SSOLFDWLRQV

Parallel Iterative Solvers for Ill-conditioned Problems ... K. Nakajima
1645
